demonstrated the efficacy of hide-on carcass washers in reducing the transfer of pathogenic organisms from hide to carcass, while maintaining the value of the hide and minimizing waste disposal. Due to the high costs and large space requirements of these cabinets they were implemented by only one large beef processing company. For widespread use across the beef processing industry, the technology would need to be adapted to a small scale, low cost option. An evaluation of such an option by described a minimal hide wash cabinet that would meet the financial and space needs of the majority in the beef processing industry while effectively reducing the E. coli O157:H7 load on incoming cattle hides.
Research on E. coli O157:H7 hide contamination and its effects on downstream processing leads to the hypothesis regarding process control, that if contamination on the hide can be controlled, then the process will be in control. This is best described in a model where E. coli O157:H7 harbored on the hide of cattle is the major source of carcass contamination during processing. Pathogens present on the hide may be transferred to the carcass during the hide opening and removal process. Pathogenic bacteria present on the carcass must be removed by the antimicrobial interventions in-place at the processing plant in order to have a wholesome final product. In the United States, multiple hurdle intervention strategies are utilized to reduce or remove pathogens from the carcass. These strategies employ several different antimicrobial mechanisms to kill or remove the target organisms from the carcass. Several research studies have reported effectiveness of these individual interventions at reducing various levels of pathogens (Gill, 2009; Koohmaraie et al., 2005; Sofos, 2009 ). However, each intervention has an upper limit of bacteria, which once exceeded; the final product will be contaminated. The same is true for multiple hurdles. A threshold would exist for the particular intervention system where incoming bacterial loads above the threshold will overwhelm the subsequent interventions and finished product contamination will result (Ahmadi et al., 2007) . The critical threshold is a function of pathogenic bacterial load on the cattle hide. If the population of pathogens on the hide is kept below the cumulative capacity of the in-plant interventions, the bacteria transferred to the carcass can be addressed by the in-plant interventions and the process will be in control. One caveat to this hypothesis is that it is based on the assumption that all interventions are functioning at optimal levels and that processing personnel are working within the guidelines of the industry's best practices. Breakdowns in intervention application or hygienic technique may allow final product contamination in situations where the incoming load is below the critical threshold.
E. coli O157:H7 colonization of cattle
In controlling hide contamination coming into processing plants, one needs to understand the dynamics of transmission of E. coli O157: H7 between animals in cattle-associated environments. These cattleassociated environments include production (i.e. pastures or feedlots) and harvest (transportation and lairage prior to entry into the processing plant). While the hide is the main source of carcass contamination, it is the gastrointestinal tract of cattle that serves as the primary habitat for E. coli O157:H7 (Savageau, 1983) . Therefore, the carcass is contaminated from the hide and the hide is contaminated by feces from E. coli O157:H7-colonized cattle. For many years it was believed that E. coli O157:H7 cells were ingested by cattle and these cells passively migrated through the GI tract, increasing in numbers until they were voided in the form of contaminated feces (Brown, Harmon, Zhao, & Doyle, 1997; Cray & Moon, 1995; Magnuson et al., 2000) . This was shown not to be the case when Naylor et al. (2003) described a specific site of colonization in the distal colon near the recto-anal junction (RAJ).
The intestinal epithelial region 0 to 3 cm proximal to the RAJ was identified as a colonization site when content samples from various regions of the digestive tract failed to yield E. coli O157:H7, while samples of voided feces from the same animals did. This indicated that samples had not been collected from sites close enough to the intestinal terminus (Naylor et al., 2003) . When samples were collected starting at the RAJ and working proximally, it was found that the concentration of E. coli O157:H7 was greatest in the 0 to 3 cm proximal region and decreased as sampling was moved further in the proximal direction (Naylor et al., 2003) . In reporting the RAJ colonization site, Naylor et al. hypothesized that a subset of cattle (super shedders) may shed E. coli O157:H7 at high levels (N10 4 CFU/g of feces) and that colonization at the RAJ was necessary for the highlevel shedding. Subsequent studies have described an association between RAJ colonization and super shedding status (Cobbold et al., 2007; Low et al., 2005) .
Super shedders and E. coli O157:H7 transmission among cattle
Concomitantly with the discovery of RAJ colonization and the association of super shedder status other researchers were attempting to develop mathematical models to describe the transmission of E. coli O157:H7 among cattle (Matthews, McKendrick, et al., 2006; Robinson, Wright, Hart, Bennett, & French, 2004) . In analyzing data of fecal shedding on multiple Scottish farms, Matthews, McKendrick, et al. (2006) found a large variability in the prevalence of E. coli O157:H7 among the different cattle populations. Potential explanations provided by the study's authors for the variable pathogen prevalence included differences in environment suitability for E. coli O157:H7 growth, animal movement onto and away from farms, and carriage levels and persistence in some animals. It was determined that the model providing the best fit of the data included variability in the transmission rates by allowing a proportion of the animals to have much higher transmission rates than the others (i.e. super shedders) (Matthews, McKendrick, et al., 2006) . In support of the super shedder model, Matthews, Low, et al. (2006) presented data suggesting that 20% of the E. coli O157:H7 infections in cattle on Scottish farms were responsible for 80% of the transmission of the organism between animals. Another study showed that 9% of the animals shedding E. coli O157:H7 at harvest produced over 96% of the total E. coli O157:H7 fecal load for the group (Omisakin, MacRae, Ogden, & Strachan, 2003) . Conversely, feedlot cattle that did not shed E. coli O157:H7 over the course of study were five times more likely to be housed in a pen that did not contain a super shedder (Cobbold et al., 2007) . These results have led to the conclusion that if colonization could be prevented in 5% of individuals (namely those individuals that would shed ≥10 4 E.
coli O157:H7 CFU/g) the spread of infection could be controlled (Matthews, Low, et al., 2006) .
Super shedder effects on hide contamination
Transmission of E. coli O157:H7 among cattle and the resulting cycles of animal colonization in production environments impact carcass contamination at processing via the cattle hide. As the hide presents the major source of carcass contamination it is the effects of super shedders on the hide bacterial load that must be understood in order to develop methods of mitigating the risk of final product contamination.
The effect of super shedders on hide contamination was recently simulated by placing inoculated fecal pats in pens containing naïve cattle (Stephens, McAllister, & Stanford, 2008) . The inoculated strains were detected in hide samples from the high-level inoculum group one day after deposition of the fecal pats. Overall the pens receiving the high-level inoculated fecal pats had the highest hide prevalence (3%) with the low-level pens having only one positive hide sample (0.45%) and none for the control pens (Stephens et al., 2008) . Similar findings were obtained by McGee, Scott, Sheridan, Earley, & Leonard (2004) as inoculated steers, each shedding E. coli O157:H7 at levels greater than 500 CFU/g of feces, were placed in pens with five uninoculated, non-colonized cohorts. Hide samples from 66% of the cohort animals were found to be positive for the marked strains after 48 h of exposure to the high shedding animals (McGee et al., 2004) . One pen had all occupants, the one inoculated animal and its five cohorts, harboring E. coli O157:H7 on their hides within 24 h of comingling (McGee et al., 2004) .
The relationship between shedding animals and E. coli O157:H7 hide prevalence was investigated in a feedlot setting over a 9-month period (Arthur et al., 2009) . In that study, cattle were categorized into four shedding classifications: not shedding, prevalence positive (fecal positive, but less than 200 CFU/g), high density fecal shedder (≥ 2 × 10 2 CFU/g), and fecal super shedding (N10 4 CFU/g). The
analysis of cattle hide prevalence as a function of fecal prevalence demonstrated a threshold response relationship between fecal prevalence and hide prevalence was identified. In this relationship, as fecal pen prevalence exceeded 20%, hide pen prevalence was usually greater than 80%. It was also noted that most of the feedlot pens housing one or more super shedders also were pens with fecal prevalence greater than 20%. The authors concluded that 20% fecal prevalence was a functional threshold marker of super shedder pens and super shedding cattle, but could not determine if the presence of super shedders or the increased prevalence was the causal factor in the scenario due to the interrelatedness of the factors (Arthur et al., 2009 ).
In the same study, hide carriage of E. coli O157:H7 also was categorized. Animals were described as either not carrying the pathogen on the hide, positive but b40 CFU/100 cm 2 , or high-level hide concentration (≥40 CFU/100 cm 2 ). Cattle classified in the highlevel hide contamination category were thought to present a greater risk of carcass contamination at slaughter. The analysis showed that when N80% of cattle in a pen were hide positive, the high density hide prevalence increased rapidly. Conversely, the high density hide prevalence did not exceed 10% when the hide prevalence was b80%. Thus, 80% hide prevalence is a functional threshold marker of increased high density hide contamination. Most pens containing one or more super shedders were pens with hide prevalence greater than 80%. The high-level hide prevalence exceeded 20% in a majority of pens housing at least one super shedder. Based on these results, the authors recommended that the E. coli O157:H7 fecal prevalence should be maintained below 20% and levels of shedding need to be kept below 200 CFU/g to minimize the contamination of cattle hides (Arthur et al., 2009) .
Interestingly, the fact that an animal is a super shedder does not seem to have a direct relationship to the contamination of that animal's carcass at the time of processing. Fox, Renter, et al. (2008) presented data showing that the probability of isolating E. coli O157 from a carcass was not significantly associated with the fecal level or fecal prevalence status of the animal from which the carcass was derived. In that study, the probability of carcass contamination was significantly associated with all truckload-level measures of fecal E. coli O157, particularly whether or not a high shedder was present within the truckload (Fox, Renter, et al., 2008) . Similarly, Fegan, Higgs, Vanderlinde, & Desmarchelier (2005) also emphasized the importance of incoming pathogen load at the lot-level, as carcass contamination rates were highest for those lots with the highest pathogen load, including carcasses from animals that were not shedding the pathogen.
Lairage environment contamination
Until recently, the hide contamination occurring in the production environment was thought to account for the majority of carcass contamination at slaughter. Data collected during the transport to and lairage of cattle at processing plants has caused a shift in the model used to describe E. coli O157:H7 passage through the beef production pipeline from live animal to finished product. Some of the first work to identify processing plant lairage environments as a potential source of pathogens to contaminate cattle was conducted in the lab of Dr. Sava Buncic. Samples collected from the unloading-to-slaughter routes at abattoirs in southwest England harbored multiple foodborne pathogens including E. coli O157:H7 . That work was expanded upon through the use of pulsed field gel electrophoresis (PFGE). PFGE analysis of E. coli O157:H7 isolates collected from the hides of multiple lots of cattle presented for processing identified common profiles . The authors concluded that the lairage environment was the one common factor among the various groups of cattle and was suggested as the most probable source of the pathogen contamination .
In a separate study, PFGE analysis of XbaI-digested genomic DNA was performed for over 1000 E. coli O157:H7 isolates collected from cattle hide samples at nine commercial beef processing plants across North America (Arthur, Bosilevac, Nou, et al., 2007) . This analysis resulted in 277 unique PFGE profiles resulting from a single restriction endonuclease digestion. Of the total 277 unique profiles, 19.5% contained isolates collected from multiple regions. In order to further distinguish the strains in each of the profile clusters, DNA digests using two additional restriction enzymes, BlnI and SpeI, were performed. After the two subsequent rounds of PFGE analysis, there was still a large population of isolates (n = 154) that had indistinguishable patterns even though they were collected from different regions, separated by distances up to 1400 mi (2253 km). On multiple occasions, strains isolated from cattle hides in Canada had profiles that were indistinguishable from cattle hide isolates collected in Kansas and Nebraska (Arthur, Bosilevac, Nou, et al., 2007) . The data led the authors to conclude that the cattle hides were being contaminated from the processing plant lairage environments. Multiple lots of cattle were sent from individual feedlots to different processing plants. Cattle originating from the same feedlot were thought to have a high likelihood of carrying E. coli O157:H7 isolates of identical PFGE profiles. Previous studies had described the predominance of certain PFGE profiles in feedlot settings (LeJeune et al., 2004; Sanderson et al., 2006) . The cattle would contaminate the processing plant lairage environment upon arrival and holding prior to slaughter. Subsequent cattle passing through the lairage environment would now be contaminated with E. coli O157:H7 strains not found in their feedlot of origin, a scenario suggested by (Tutenel, Pierard, Van Hoof, & De Zutter, 2003) .
The previously mentioned studies demonstrated that the lairage environment may be a source of cattle hide contamination, but failed to show any link to carcass contamination. It could be that while the lairage environment added to the E. coli O157:H7 load residing on cattle from the feedlot, the amount added would be lacking in comparison to pre-existing contamination and add little in the way of risk of carcass contamination. This question was answered through two studies that followed cattle from the feedlot through processing. The first study sampled multiple lots of cattle (hides and feces) at a feedlot immediately prior to loading onto transport trailers. The trailers were sampled prior to loading cattle. The cattle were sent to the processing plant and hide and carcass samples were collected on the process chain. Overall, only 29% (n = 764) of the isolates collected post-harvest were found to match PFGE types of isolates collected prior to transport (Arthur, Bosilevac, Brichta-Harhay, Guerini, et al., 2007) . The majority of post-harvest isolates could not be matched to any pre-transport PFGE types and were assumed to have come from sources in the lairage environment. The remaining 2% of postslaughter isolates matched PFGE patterns of isolates collected from the truck trailers. When only the strains collected from carcass samples were analyzed, 80% (n = 80) of the carcass isolates did not match pre-transport PFGE types, with one matching a truck isolate type and the other 66 being believed to come from the lairage environment (Arthur, Bosilevac, Brichta-Harhay, Guerini, et al., 2007).
Unfortunately, samples were not collected from the lairage environment in that study leaving the question not fully answered. Childs et al. (2006) also utilized PFGE and reported that isolates with similar genotypes were obtained from the lairage environment surfaces and on cattle hides during processing, but hide samples were not collected prior to cattle shipment to determine if the organisms in question were present before transport and carcass samples were not collected to determine the lairage impact on carcass contamination. A second study was performed by Arthur et al. (2008) , again sampling multiple lots of cattle at a feedlot and on the processing chain, but samples from each lairage environment space also were collected just prior to the test animals passage through that space. This study confirmed that the lairage environment played a larger role in cattle hide and subsequent carcass contamination than the feedlot of origin. This phenomenon also was seen in Scottish cattle by Mather et al. (2008) and they concluded that intervention strategies needed to be focused on preventing contact with contamination sources or reducing hide prevalence after cattle had left the farm of origin. This is in contrast to work by Fegan, Higgs, Duffy, & Barlow (2009) and Barham, Barham, Johnson, Allen, Blanton, Jr., and Miller (2002) , who found reductions in fecal and hide levels and prevalence for E. coli O157:H7 between the feedlot and the abattoir, although, Barham et al. (2002) did see increases in Salmonella prevalence. The reasons for the discrepancies in these studies are not know.
With the high animal density and confined spaces associated with processing plant lairage environments it is presumed that super shedding cattle would have a large impact on the overall contamination of animals currently in these environments and those that will enter these areas at subsequent times. In these areas, hundreds to thousands of animals traverse the same approximate path each day. Animals shedding over 10 4 E. coli O157:H7 CFU/g of feces could
readily deposit enough pathogen-laden material to contaminate a significant portion of cattle lots passing through the spaces for the remainder of the processing cycle. Presently, there are no data to determine the true impact of super shedders on lairage environment contamination.
Super shedders at processing
Evidence indicates that direct fecal contamination of the carcass at processing is a rare occurrence (Arthur, Bosilevac, Brichta-Harhay, Guerini, et al., 2007; Bosilevac et al., 2004; Nou et al., 2003) and as such, the significance of super shedders with regard to risk of carcass contamination is unknown. In commercial U.S. processing plants piercing of the intestinal tract is a rare event (personal observation). Hence following bunging and tying off of the esophagus, the intestinal tract is essentially sealed. Once the viscera are removed and separated into marketable sections, the contents are released and the material is again a potential source of contamination in the processing plant for offal products, some of which (weasand and heart) can be used in ground beef production.
E. coli O157:H7 has been found in multiple sections of the GI tract of harvested cattle. In a study using three inoculated adult cattle, E. coli O157:H7 was recovered from various GI tract sites from the colon to the rumen (Cray & Moon, 1995) . Another study utilized cattle at commercial processing plants to screen for E. coli O157:H7 in four GI tract locations: rumen, cecum, colon, and rectum. The target pathogen was isolated from all four of the sample sites, with the rectum the most likely site of harborage (Walker, Shi, Sanderson, Sargeant, & Nagaraja, 2009) , consistent with the RAJ being the colonization site for E. coli O157:H7. Neither of these studies identified any super shedders in the populations studied. Lim, Sheng, Besser, Potter, & Hovde (2007) utilized three animals that were persistently shedding E. coli O157:H7 for at least three months. At the time of sampling, all three animals were colonized, but at a low level with RAJ samples being ≤30 CFU/ swab. Only GI tract samples from the RAJ had detectable levels of E. coli O157:H7 (Lim et al., 2007) . The authors also reported that samples from the gall bladder of each animal were negative for E. coli O157:H7.
In order to determine the distribution of E. coli O157:H7 associated with super shedding cattle, the authors of the work presented here identified fifteen animals that were either persistently shedding E. coli O157:H7 or were super shedders at some point in time. Samples of the GI tract included: mouth, esophagus, rumen, omasum, duodenum, jejunum, ileum, cecum, colon, and RAJ. Two non-GI tract sites (gall badder and mesenteric lymph nodes) also were sampled. Similar to previous reports, the RAJ was to site of most frequent E. coli O157:H7 detection (Fig. 1) . Only two animals met the criteria of super shedders on the day of processing. Of particular note is that these two animals harbored E. coli O157:H7 at every sample site of the gastrointestinal tract with the exception that the mouth sample for one animal was negative. The E. coli O157:H7 concentration for those animals was highest at the RAJ and decreased as more proximal sites were sampled. None of the gall bladder or lymph node samples contained detectable levels of E. coli O157:H7, including those that came from the super shedding animals.
Not usually thought of as invasive, multiple studies have reported isolation of E. coli O157:H7 in lymph nodes harvested from inoculated calves (Alali, Sargeant, Nagaraja, & DeBey, 2004; Cray & Moon, 1995; Woodward et al., 1999) . However, finding E. coli O157:H7 in lymph tissue of adult animals, has been rare. Bonardi, Foni, Chiapponi, Salsi, & Brindani (2007) recovered the pathogen from 1.1% of both tonsils and mesenteric lymph nodes (one positive sample for each) of adult cattle at slaughter in Italy. It is not known if these samples came from feedlot-reared animals or cull dairy cows as both were represented in the samples. Also, the risk to ground beef is questionable, since these items would be discarded and not included in materials destined for grinding.
As shown in Fig. 1 , E. coli O157:H7 was recovered from over 40% of the mouth samples emphasizing the importance of proper head removal and cheek meat harvest. Other studies have reported a range of 1% to 75% for E. coli O157:H7 prevalence in samples of the oral cavity in non-inoculated cattle (Bach, Selinger, Stanford, & McAllister, 2005; Fegan et al., 2005; Keen & Elder, 2002; Stephens et al., 2007) .
Hide-to-carcass transfer
Attention to detail and proper training of personnel are important elements in the maintenance of process control for a beef harvest system. Effective interventions can be rendered ineffective when best practices are not taught, implemented, and maintained. One of the most critical steps in preventing beef carcass contamination is the hygienic removal of the cattle hide. Several studies have shown that carcasses become contaminated early in the process and that contamination is responsible for final product contamination unless removed or killed by an intervention procedure Barkocy-Gallagher et al., 2001; Brichta-Harhay et al., 2008; Elder et al., 2000) . The earliest point for carcass contamination to occur is in the hide opening and subsequent skinning process. The effectiveness in preventing hide-to-carcass transfer has been shown to have a processing plant specific-component. A comparison presented by Koohmaraie et al. (2007) demonstrated that on multiple processing days, one plant had lower E. coli O157:H7 carcass prevalence rates than another even though its incoming hide prevalence was higher. A drawback to this study was that only prevalence data were collected. If the level of E. coli O157:H7 on the hides of incoming cattle differed significantly, it may have affected the ability to plant personnel to prevent transfer to the carcass. Brichta-Harhay et al. (2008) presented similar data showing a difference of over 40% in Salmonella carcass prevalence between two plants with approximately the same incoming hide prevalence. This dataset also included enumeration data for hide and carcass samples. The additional data showed that for the plant with the higher carcass prevalence, there was a slightly higher incoming Salmonella load on the hides, but there also was a disproportionately higher load on the carcasses. These results suggest that both incoming load and proficiency in hide removal impact carcass pathogen prevalence.
The contributions made by each of the factors can be seen in Fig. 2a  and 2b . The data shown here represent E. coli O157:H7 prevalence and levels from fecal, hide, and preevisceration carcass samples collected during harvest. In Fig. 2a it can be seen that the carcasses (filled circles) found to have E. coli O157:H7 seem to be clustered around the super shedding animals (hatched bars) and the animals with highlevel contamination on their hides (solid bars), representing the impact of high incoming load. In Fig. 2b the rate of carcass positives appears to be independent of incoming load, most likely representing inadequacies in hide removal technique. Hide wash cabinets can greatly reduce the impact of incoming load and improper technique, the results of which are dramatic reductions in carcass prevalence (Fig.2c) .
Needed research
It is not known what criteria must be met to cause the super shedding phenomenon. The most likely contributing factors would be strain differences of E. coli O157:H7, animal genetics leading to the expression of suitable factors at the RAJ, cattle diet, and/or modulations of the resident microbial flora to allow E. coli O157:H7 to flourish in some animals for some period of time. Understanding how each of these factors play a role in super shedding will aid in minimizing or eliminating the super shedding population. Interventions that would prevent supershedding in the cattle population should reduce E. coli O157:H7 transmission in the production and lairage environments resulting in reduced risk of beef carcass contamination and a safer finished product. ) with E. coli O157:H7 carcass contamination (solid circles). Dashed vertical lines represent lot breaks. At each lot break, multiple lots of non-test cattle were processed. Cattle were sampled consecutively. Data for a and b come from different days at the same processing plant, which does not utilize a hide wash cabinet. Data for c comes from a processing plant that does employ a hide wash cabinet.
